A new numerical method, recently developed to study ground states of the Falicov-Kimball model (FKM), is used to examine the effects of correlated hopping on the ground-state properties of this model in two dimensions. It is shown that the ground-state phase diagram as well as the picture of metalinsulator transitions found for the conventional FKM (without correlated hopping) are strongly changed when the correlated hopping term is added. The effect of correlated hopping is so strong that it can induce the insulator-metal transition, even in the strong-coupling limit, where the ground states of the conventional FKM are insulating for all f -electron densities.
Introduction
Since its introduction in 1969, the FKM [1] has become an important standard model for a description of correlated fermions on a lattice. The model was originally proposed to describe metal-insulator transitions and has since been investigated in connection with a variety of problems such as binary alloys [2] , the formation of ionic crystals [3] , and ordering in mixed-valence systems [4] . It is the latter language we shall use here, considering a system of localized f electrons and itinerant d electrons coupled via the on-site Coulomb interaction U. The Hamiltonian of the spinless FKM is
were f + i , f i are the creation and annihilation operators for an electron in the localized state at lattice site i with binding energy E f and d is generated by the hopping matrix elements t ij , which describe intersite transitions between the sites i and j. Usually it is assumed that t ij = −t if i and j are nearest neighbors and t ij = 0 otherwise (the conventional FKM), however, in what follows we consider a much more realistic type of hopping, so for the moment we leave it to be arbitrary.
Recent theoretical works based on exact numerical and analytical calculations
showed that the FKM, in spite of its relative simplicity, can yield the correct physics for describing of such fundamental phenomena as valence-change transitions, metalinsulator transitions, crystallization, charge ordering, etc. For example, it was found that the spinless FKM, in the pressure induced case, can describe both types of intermediate-valence transitions observed experimentally in rare-earth compounds: a discontinuous insulator-insulator transition for sufficiently strong interactions [5] and a discontinuous insulator-metal transition for weak interactions [6] . In addition, at nonzero temperatures this model is able to provide the qualitative explanation for anomalous large values of the specific heat coefficient and for extremely large changes of electrical conductivity [7] found in some intermediate-valence compounds (e.g., in SmB 6 ). Moreover, very recently the spin-one-half version of the FKM has been used to describe a discontinuous intermediate-valence transition (accompanied by a discontinuous insulator-metal transition) in SmS [8] as well as for a description of an anomalous magnetic response of the Yb-based valence-fluctuating compounds [9] .
On the other hand it should be noted that the model Hamiltonian (1) neglects all nonlocal interaction terms, and thus it is questionable whether above mentioned results persist also in more realistic situations when nonlocal interactions will be turned on. An important nonlocal interaction term obviously absent in the conventional FKM is the term of correlated hopping, in which the d-electron hopping amplitudes t ij between neighboring lattice sites i and j depend explicitly on the occupancy (f + i f i ) of the f -electron orbitals. To examine effects of this term on ground-state properties of the two-dimensional FKM we choose the following form for the nearest-neighbor matrix elements
which represent a much more realistic type of electron hopping than the conventional hopping.
Thus the spinless FKM in which the effects of correlated hopping are included can be written as
The first term of (3) 
where h ij (w) =t ij (w) + Uw i δ ij and
Thus for a given f -electron configuration w = {w 1 , w 2 . . . w L } the Hamiltonian (4) is the second-quantized version of the single-particle Hamiltonian h(w), so the investigation of the model (4) is reduced to the investigation of the spectrum of h for different configurations of f electrons. Since the d electrons do not interact among themselves, the numerical calculations should precede directly in the following steps.
(i) Having w = {w 1 , w 2 . . . w L }, U, E f and the nearest-neighbor hopping amplitudes t and t ′ fixed, (in the following t = −1 and all energies are measured in units of t) find found for the one-dimensional FKM with correlated hopping was that the correlated hopping can induce the insulator-metal transition, even in the half-filled band case
In this paper we try to show that the same result holds also for the two dimensional case. Similar calculations are performed also away from the half-filled band case with the goal to examine possibilities for metal-insulator transitions in the strong-coupling limit. Another inspiration for performing these calculations was the recent paper of Wojtkiewicz and Lemanski [12] , where the authors studied twodimensional FKM with correlated hopping using the combination of the perturbation expansion (up to the second order) and the method of restricted phase diagrams.
They found that only a few phases form the ground-state phase diagram of the model in the strong coupling limit. For example, the ground state of the model for E f = 0 is the chessboard charge-density-wave (CDW) phase for all 0 < t ′ < 1. Here we show that some other configurations, (e.g., the segregated configuration) can also be the ground states of the FKM at E f = 0, thereby the ground-state phase diagram as well as the picture of metal-insulator transitions are strongly changed.
The method
Since the number of configurations that should be examined to obtain the ground state energy of the FKM grows exponentially with the system size, a direct application of the exact-diagonalization method described above is restricted to clusters up to 30 sites. In our previous papers we showed that clusters of this size are sufficient to suppress finite-size effects in one-dimension [5, 6] This method was first used in our recent paper [13] To examine possibilities for such a transition in two dimensions we have performed an exhaustive study of the model on 6 × 6 and 8 × 8 clusters (with periodic boundary conditions) for a wide range of parameters t ′ and U. The results of numerical calculations are summarized in Fig. 1 in the form of the t ′ -U phase diagram. In addition to the CDW state w 1 that is the ground state at t ′ = 0 for all nonzero U we found two new phases that can be the ground states of the model, and namely, the configuration with alternating lines of occupied and unoccupied sites w 2 and the segregated configuration w 3 (see Fig. 2 ). Thus at nonzero t ′ the CDW state w 1 becomes unstable against the transition to w 2 and w 3 . The transition from w 1 to w 2 , as well as from w 1 to w 3 is the insulator-metal transition since the configuration w 1 has the finite gap (∼ U) at the Fermi energy [14] for all nonzero values of U, while both w 2 and w 3 are metallic in the corresponding regions of stability. Thus we arrive to the very important conclusion, and namely, that the correlated hopping term can induce the insulator-metal transition, even in the half-filled band case. Another important result, confirming the crucial role of the correlated hopping term can be seen from clusters. Our numerical calculations showed that the phase diagram of the model at n f = 1/4 is separated into two distinct regions. In the first region (U < 2) the phase diagram has a complex structure with the ground state apparently changing point by point at every value of the correlated hopping amplitude t ′ for fixed interaction strength. Unfortunately, the structure of the phase diagram in this region strongly depends on the size of cluster and thus we were not able to extrapolate satisfactory these results to the thermodynamic limit L → ∞. Contrary to this case, the phase diagram exhibits a very simple structure (see inset in Fig. 1 ) in the opposite limit (U > 2). In this region only two configurations are the ground states of the FKM with correlated hopping, and namely the segregated configuration and the configuration w 4 (see Fig. 2 ) that has been proven to be ground state of the conventional FKM for large U (see Ref. [13, 15, 16] ). Since the configuration w s is metallic and w 4
insulating we have the correlated hopping induced metal-insulator transitions also at n f = 1/4. The metallic phase is stable up to U ∼ 7 and this again confirms our conjecture that the comprehensive picture of metal-insulator transitions in the FKM with correlated hopping will be fully different from one found for the conventional FKM, especially for U large. To complete this picture one has to perform similar calculations for all f -electron densities what is a cumbersome computational task, even on 8 × 8 cluster. The work on this subject is currently in progress.
In summary, the effects of correlated hopping on the ground-state properties of the FKM in two dimensions have been studied. It was shown that the groundstate phase diagram as well as the picture of metal-insulator transitions found for the conventional FKM are strongly changed when the correlated hopping term is added. The effect of correlated hopping is so strong that it can induce the insulatormetal transition, even in the strong-coupling limit, where the ground states of the conventional FKM are insulating for all f -electron densities. 
